ABSTRACT: Microalgal effects on dissolved silica fluxes in an estuarine sandflat were investigated over an annual cycle. Benthic microalgal and phytoplankton chlorophyll a were measured at 17 times in Masonboro Sound, NC, USA, between June 1994 and May 1995. Using light and dark benthic chambers, dissolved silica (DSi) concentrations were measured in situ and used to calculate flux rates. Mean annual biomass was 64.6 and 10.0 mg chl a m-' for benthic microalgae and phytoplankton, respectively. Benthic microalgae and phytoplankton (both containing diatoms), alid cultured benthic diatoms were used to calculate Si:chl a weight ratios. Ratios of Si:chl a showed that benthic microalgae contain more silica per unit chlorophyll than phytoplankton, with mean Sl.chl a ratios of 14.3, 10.9, and 2.8:1, for benthic microalgae, cultured benthic diatoms, and phytoplankton, respectively. DSi flux rates were always higher in the dark, while some negative flux rates (into the sediment) were seen in the light. DSi flux rates averaged 81.0 pm01 m-' h-' in the dark and 37.0 pm01 m-' h-' in the light. Lab and field experiments showed that benthic microalgae can take up water column DSi, while typical phytoplankton concentrations exert little control of water column DSi. Temperature was found to be the major regulator of DSi fluxes, with flux rates decreasing with decreasing temperature. Benthic microalgae were significant regulators of light chamber DSi flux at temperatures <2O0C. Due to benthic microalgal uptake and low water column DSi concentrations observed under lower temperatures, nutnent limitation expenments were performed to determine if phytoplankton were silicate-limited. Of the 3 major nutrients. nitrogen, phosphorus, and silicon, only silicon was limiting for phytoplankton growth in every experiment. Benthic microalgae are important regulators of DSi flux, and can regulate water column DSi concentratlons for at least half of the year, possibly limiting phytoplankton growth and species composition in shallow, coastal environments.
INTRODUCTION
Nutrient regeneration in the sediments is an important factor controlling the supply of nutrients to the water column (Aller & Benninger 1981 , Callender & Hamrnond 1982 , Flint & Kamykowski 1984 and phytoplankton abundance in shallow water systems (Conley & Malone 1992 , Ragueneau et al. 1994 . Sedimentation of biogenic particles is the primary source of regenerated material in coastal ecosystems (Hopkinson & Wetzel 1982 , Blackburn & Henriksen 1983 , Sundback & Snoeijis 1991 . The breakdown of these particles releases organic and inorganic forms of nutrients that 'E-mail. dsigmon@oce.orst edu are then available for direct uptake by planktonic and benthic autotrophs (Flint & Kamykowski 1984 , Krom 1991 . Regenerated nutrients may be intercepted by benthic autotrophs, decoupling the supply of nutrients to the pelagic ecosystem (Blackburn & Henriksen 1983 , Sundback & Graneli 1988 , Krom 1991 . In addition to nitrogen and phosphorus, silicon has also been identified as a major, possibly limiting, nutrient for microalgal growth (Officer & Ryther 1980 , Ragueneau et al. 1994 ).
Diffusional flux is a major process that drives nutrients out of marine sediments. Dissolved silica (DSi), in the form of silicic acid, is more concentrated in the sediments than the water column primarily due to dissolution of accumulated diatom frustules (Iler 1979 , DeMaster 1981 . Diffusional fluxes of nutrients can be altered by various factors such as turbulence, bioturbation, redox potentials, temperature, rate of sedimentation, groundwater flow, and sediment grain size (Zeitzschel 1979 , Callender & Hammond 1982 , Flint & Kamykowski 1984 .
Benthic microalgae (BMA) can regulate nutrient fluxes across the sediment-water interface via direct uptake of inorganic and organic nutrients , Sundback & Snoeijis 1991 , as well as by forming a cohesive mat over the sediment that alters chemical processes and resists mild physical forces (Kelderman et al. 1988 , Sundback & Jonsson 1988 , Decho 1990 . BMA biomass and production can be very important in coastal ecosystems (Sundback & Snoeijis 1991 , Cahoon & Cooke 1992 . DSi fluxes can decrease >80% during light hours by BMA uptake (Davis 1976 , Kelderman et al. 1988 , Doering et al. 1989 . Even in cases of enhanced nutrient release due to benthic fauna1 excretion and turbation, the expected fluxes out of the sediments can be masked or even reversed by BMA uptake of DSi and other nutrients (Blackburn & Henriksen 1983 , Marinelli 1992 . Therefore, a pattern of water column DSi regulation by BMA may be established in shallow, coastal ecosystems.
Diatoms are abundant benthic and planktonic photoautotrophs (Officer & Ryther 1980 , Sundback & Jonsson 1988 , Nilson et al. 1991 Brzezinski (1985) determined that marine diatoms (all planktonic) average a nitrogen to silicon mole ratio (N:Si) of approximately 1. Studies have also shown that diatoms have the ability to store nitrogen, but not silica, intracellularly, resulting in the need to accumulate DSi immediately prior to cell division (Busby & Lewin 1967 , Davis 1976 , Doering et al. 1989 . Studies of marine eutrophication with DSi indicate that diatoms can outcompete 'less desirable' cyanobacteria, and can actually lead to an increase in biomass in higher trophic levels (Doering et al. 1989 , Sundbzck & Snoeijis 1991 . Because diatoms need large amounts of silica in relation to other inorganic nutrients (Davis 1976 , Brzezinski 1985 , DSi availability could have a significant effect on benthic and pianktonic pri~nary production iii coastal marixe environments, especially when other nutrients are nonlimiting (Harrison et al. 1977 , Doering et al. 1989 , Ragueneau et al. 1994 . The purpose of this research was to assess the influence of benthic microalgae on DSi fluxes in estuarine sediments. Seasonal variability of water column and pore water DSi concentrations and BMA DSi uptake was addressed. Relative abundance of planktonic and benthic diatoms was determined for chl a and silica biomass. Nutrient limitation experiments were performed to address the possibility that phytoplankton abundance could be silica-limited due to BMA depletion of water column DSi concentrations.
METHODS
Area of study. Field research was conducted in a 33 000 m2 section of Masonboro Sound, located southeast of Wilmington, NC, USA, and bordering the Atlantic Intracoastal Waterway (Fig. 1) . The estuary is a marine-dominated (salinity range of 30 to 36 ppt), intertidal sandflat fringed by Spartina marsh and oyster beds, with a tidal range of approximately 1.5 m and an average water height of 0.8 m. The sample area typically experiences minimal currents or sediment disturbance, and is connected to the Intracoastal Waterway by 2 channels. Incident radiation at the sediment surface averages -500 uE durinq daylight hours. Seventeen subtidal locations were selected within the study area from June 1994 through May 1995. Each location was only sampled once. Sampling days were chosen to have low tide near dawn and a sufficiently low tide to deploy sampling equipment. Samples used for laboratory experiments were also collected in this area.
Sampling and analyses. Water column samples (5 replicates) were collected at all sites for DSi and chl a analysis. Water column chl a was sampled using a 50 m1 plastic syringe, and samples for DSi were col-lected in 10 m1 plastic syringes. Sediment samples were taken using a 2.45 cm diameter plastic core tube. Cores for BMA biomass analyses were collected at all sites in replicates of 6, and cores for sediment biogenic silica (opal) and grain size analysis were collected in replicates of 5. Five replicates of pore water samples were taken at each site using a 50 m1 syringe connected by plastic tubing to a plastic modified tip which was sealed through the middle of a petri dish, projecting -1 cm into the sediment, in order to eliminate intrusion of overlying water. Water column chl a was measured with a Turner 10 AU fluorometer, calibrated with pure chlorophyll (Welshmeyer 1994) . Water column and pore water DSi were analyzed spectrophotometrically using the molybdenum blue method of Parsons et al. (1984) . Sediment biogenic silica was determined by leaching the sediment samples in 1 % NaC03 at 85°C according to DeMaster (1981) and analyzed by the above method. Benthic chl a was determined by the double extraction, spectrophotometric method of Whitney & Darley (1979) , which separates intact chl a from degraded pigments. Grain size was determined by wet sieving of the sediment through 63 to 710 pm mesh screens (Ingram 1971) . Water column temperature data were also collected for each sample date. All water samples were analyzed within 2 h of the sampling time. Water and sediment surface light irradiance measurements were collected using 2 LiCor Li-193s spherical PAR (photosynthetically active radiation) sensors and an LI-1000 data-logger.
Si:chl a ratios were determined from the particulate biogenic silica leaching method and the chl a measurements for benthic and planktonic diatoms. Phytoplankton for these ratios were collected 11 times over a 7 wk period at different tide levels in order to sample different phytoplankton communities. Benthic microalgal Si:chl a ratios were determined from the 17 sample dates. Cultured diatoms were also analyzed for chl a and biogenic silica to calculate Si:chl a weight ratios.
Flux experiments. Field experiments employed selfstirring benthic chambers as described In Cahoon & Cooke (1992) . These chambers isolated 4 1 of seawater over 0.06 m2 of sediment, and were sampled at the beginning and end of a 10 to 12 h period for each sample date. Six light chambers, which allowed -85% light to reach the isolated water and sediment, and 6 opaque chambers coated with black latex paint were deployed at each site. All chambers were deployed near dawn of the sampling day and removed near dusk. Visible macrofauna and flora were avoided when chambers were deployed.
A l l of the above described sampling protocols were performed on each sample day at the time of deployment. Initial water column and benthic samples were collected adjacent to the chambers. However, initial water column DSi samples were extracted from each chamber as well as the adjacent water on the first 7 sampling dates, but only adjacent to the chambers on the remaining dates, after finding nonsignificant differences in initial DSi concentrations between inside and outside of chambers (t = 6.34, df = 35, p < 0.001). Final samples were collected from each chamber for water column chl a and DSi just prior to chamber retrieval.
Laboratory uptake experiments. Laboratory manipulations of a simulated in situ con~n~unity used sediment and water column samples collected from 2 different locations in Masonboro Sound. Circular containers measuring 6 cm in diameter and 14 cm high were used to grow and manipulate the collected benthic and planktonic microalgae. The containers, each of which contained sediment and water, were placed in a 21°C lighted incubator (-300 PE) for 24 h. Air pumps were used to continuously circulate the water in each container. Three different treatments were used for each experimental period: (1) sediment and seawater with microalgae; (2) sediment with microalgae and flltered seawater (no phytoplankton); and (3) clean sand (no microalgae) with filtered seawater a s the control. Approximately 400 m1 of the appropriate water was used in each container. Five replicates were used for the first 2 treatments, and 4 replicates were used for the control.
DSi was added to each container to -20 PM. Samples (5 ml) were collected from each container prior to, immediately following, and at 3, 6, 12 and 24 h after Si addition for DSi analysis. In addition to those collected for the experiments, water column and benthic samples were also collected for initial chl a measurements, as previously described. After the 24 h period, sediment and water from the first 2 treatments were also sampled and measured for water column and benthic chl a.
For comparison to the Si:chl a ratios of natural assemblages of benthic and planktonic microalgae, a ratio for cultured diatoms was also calculated. Five individual species and 1 mixed assemblage of attached diatom species were cultured in a modified f/2 nutrient solution with DSi (Guillard & Ryther 1962) . These cultures were used to calculate Si:chl a ratios of cultured benthic diatoms using the fluorometric method for chl a analysis. After drying these samples (to remove the acetone), biogenic silica content was determined by dissolving the silica in basic solution and analyzing spectrophotometrically, as previously described.
Nutrient enrichment experiments, including the use of nitrogen, phosphorus, and silicon, were conducted to determine if phytoplankton growth was silicalimited. Seawater samples from Masonboro Sound were collected on 3 consecutive weeks during Febru-
Months and Ordinal Sampling Days
Phytoplankton biomass always decreased in both light and dark chambers. At all sites, the final phytoplankton concentrations were below 10 1-19 chl a 1-' or 1.7 mg m-2, even during the bloom period. Therefore, phytoplankton never comprised more than 5 Yo of total chl a in the chambers at the end of each experiment.
Water column and pore water DSi were highest in late summer and lowest in late winter/early spring (Fig. 3) . Water column concentrations were always lower than pore water concentrations, and never greater than 15 FM. Pore water DSi concentration reached a peak of 94.7 pM in mid-August 1994. Secii~nellt biogenii >;ilia (BSi) displayed the same trend as BMA biomass and pore water DSi concentrations, with highest values in late summer and decreasing values in late winter. BSi sediment in August 1994 to 0.0012 % in ary 1996, when water column DSi concentrations were shown to be low, and incubated in a greenhouse for 5 d. Initial samples and 5 replicate samples for each nutrient addition treatment were collected in 1 1 plastic cube containers. Four nutrient treatments were used in the first 2 experiments: +Si, +N+Si, +P+Si, and the control (no nutrients). The third experiment also used 4 treatments: + Si, +P, +P+ Si, and the control. All samples given nutrients were also given modified f/2 vitamins and trace metals. A 1 m1 volume of the appropriate nutrient(s) was added to the containers on all 5 days, and the samples were mixed after each addition. Chl a was measured fluorometrically for initial samples and for each sample at the end of each experiment in order to determine changes in biomass.
RESULTS
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chl a throughout the study period (Fig. 2) . Biomass measurements showed a BMA mean of 64.6 (SE = 8.8) mg chl a m-2 with a peak of 145.6 in late August 1994, while mean phytoplankton biomass was 10.0 (SE = 2.5) mg chl a m-2 and reached its peak chl a of 40.7 mg m-2 in mid-July 1994. The mean biomasses of the 2 algal assemblages were significantly different (t = 5.81, df = 15, p < 0.001). In general, phytoplankton were more abundant from late spring to early summer, while BMA were more abundant from late summer to mid-winter.
May 1995, and averaged 0.0035% (SD = 0.0017 %) over the entire year (Fig. 3) .
Si:chl a ratios were derived from previously measured values of BSI and chl a, for both benthic and planktonic samples that contained diatoms and other algal types. Sediment microalgae averaged a Si:chl a ratio of 14.3 to 1 (SD = 3.3) and cultured benthic diatom species averaged 10.9 to 1 (SD = 1.6). Phytoplankton averaged a Si:chl a ratio of only 2.8 to 1 (SD = 1.6). The ratios for benthic and planktonic microalgae were sigmficantly different ( t = 10.2, df = 31, p < 0.001), as were the ratios for cultured benthic diatoms to phytoplankton (t = 9.4, df = 15, p < 0.001), indicating that benthic diatoms have a significantly greater proportion of silica than phytoplankton. Using the corresponding Si:chl a ratios, average biomasses were converted to 924 and 28 mg m-* of silica for BMA and phytoplankton, respectively. Mean BMA silica biomass was greater than 33 times phytoplankton silica biomass.
Grain size data revealed that the sediment at all sites was composed primarily of various sized sands, with <1.5% silts and clays. The major size fraction was fine < a n d (0 125 to 0.250 mm diameter). comprising >49% of sediments at all sites. Water temperature in the study area was >25"C from June to September, decreased through winter, and began to increase in March 1996. Maximum water temperature of 30°C was reached in August, corresponding to the peak in water column and pore water DSi concentrations, and sediment BSI content. The minimum temperature of 9°C was in February and corresponded to the lowest pore water DSi concentration. Light measurements were collected on 7 of the 17 sample days and showed an 
DSi fluxes, one for temperatures
equal to or greater than 23OC, and regression (MLR) analysis using SAS 6.0 was perpE, ranging from 169 to 885 pE. Sea surface mean irraformed on light and dark chamber DSi fluxes, with temdiance was 1650 pE and ranged from 685 to 2120 PE, perature data converted into 2 categories (high and with surface and benthic minima and maxima occurlow), instead of numerical data. ring in February and May 1995, respectively.
MLR models of dark chamber DSi fluxes showed that temperature and pore water concentration had a significant effect on flux (F= 30.79, df = 15, p < 0.001) with a n Flux data Nutrient flux measurements showed that light chambers had lower fluxes of DSi out of the sediment than dark chambers at every site (Fig. 4) . Average fluxes of DSi were 81.0 pm01 m-' h-' (SE = 13.4) for dark chambers and 37.0 pm01 m-2 h-' (SE = 10.5) for light. Mean light chamber DSi flux was significantly less than that in the dark (t = 2.6, df = 32, p < 0.01), and only the second sample site displayed a non-significant difference. Rates for DSi flux ranged from 11.0 to 190.3 pm01 m-' h-' for dark chambers and -22.3 to 115.9 for light chambers. Four of the sample dates (November to February) displayed negative net flux rates into the sediments, and on 5 dates (November to March) DSi concentration was maintained at or decreased below 4 pM at the end of each sample day. (Table 2) . DSi flux calculations showed that both BMA treatments averaged uptake rates greater than 60 and 45 pm01 m-' h-' for the first and second experiment, respectively ( Table 2) . Control treatments decreased slightly over the 24 h experiment period. An ANOVA model showed a significant effect of BMA on DSi flux (F= 33.12, df = 27, p < 0.001). It also showed treatments with BMA sedi-
The replicate experiments ~h~w e d that water colFlg. 6. Change in water column DSi concentrat~ons over time umn DSi decreased in both treatments containing (SD < 3 pM for all treatments and times) ment cores had significantly greater DSi uptake rates than the control (t = 3.52, df = 25, p < 0.02). BMA biomass did not significantly change over the 24 h period in either treatment for either experiment. Initial BMA biomass was 28.1 (SE = 3.0) and 22.1 (SE = 1.2) mg chl a m-2 in the first and second experiment, respectively. Initial phytoplankton biomass was 1.7 (SE = 0.1) and 0.4 (SE = 0.1) mg chl a m-' in the first and second experiment, respectively. Phytoplankton biomass decreased to ~0 . 2 5 mg chl a m-2 in both replicate experiments and comprised less than 6% of total chl a biomass at the beginning of each experiment and less than 1 % at the end of the experiments. Therefore, nearly all of the DSi uptake can be attributed to BMA.
The nutrient limitation experiments showed that only DSi was a limiting nutrient for phytoplankton growth in all 3 experiments, and that the +P+Si treatment supported the highest phytoplankton growth (Fig. 7) . ANOVA models of all 3 nutrient experiments revealed that there were significant differences between the nutrient treat- Ratios of Si:chl a from field and laboratory samples show that benthic diatoms contain and require significantly more silica per unit of chlorophyll than do planktonic forms. This result is expected when considering that lighter planktonic cells will sink much more slowly than the dense, Si-rich frustules of benthic diatoms. The average Si:chl a ratio of cultured benthic diatoms was lower than the field BMA ratio, probably resulting from the accumulation of biogenic silica, but not chlorophyll, in cells buried deeper within the sediment. Therefore, benthic diatoms can be an important source of and sink for silica in shallow water marine environments. Both field and laboratory experiments show that with low turbulence, phytoplankton will either sink out of the water column or attach to the experimental chamber. Laboratory results support the conclusions that BMA are the dominant sink for silica and can control DSi flux rates in the Masonboro sand flat. When BMA, and not their planktonic counterparts, are abundant, they can greatly modify or even stop the net flux of DSi out of shallow water marine sediments. The average flux of DSi from the sediments is 106.4 mg m-2 d-' compared to annual phytoplankton silica standing stock of 28 mg m-2, which means that the amount of silica being supplied to the water column per day is about 4 times the amount of silica sequestered in planktonic diatoms. This result suggests that on an annual basis DSi is not limiting for phytoplankton and that BMA are not regulating phytoplankton productivity. However, when the effect of temperature is considered, the average flux rate of DSi for temperatures of c20°C is 25.4 mg m-2 d-l. This average flux rate, calculated over a 178 d sampling period from November 1994 to April 1995, shows the amount of DSi that is being recycled on a daily basis is less than the average daily phytoplankton silica biomass of 28 mg m-'. Therefore, for half of the year, silica may be a limiting nutrient for phytoplankton growth, due to BMA uptake and control of water column DSi. Nutrient addition experiments revealed that DSi was the major limiting nutrient for phytoplankton growth for the month of February when water column DSi concentrations and temperature are low, and that phosphorus, not nitrogen, became secondarily limiting when DSi was abundant.
Flux rates are influenced by several factors depending on the time of year and the availability of light. Water temperature is the controlling physical factor on an annual basis, due to the lowered solubility and dissolution of biogenic silica at lower temperatures. ,2cccrding to !!er (!979), with a 29°C drcp in t c x p c r~ ture, biogenic silica solubility decreases by 44% and dissolution rates decrease by a factor of >10. The presented results indicate that the diffusional flux at higher temperatures, created by rapid silica dissolution within the sediments and the corresponding high pore water concentrations, is too high for benthic diatoms to regulate the flux of DSi out of the sediments. However, at lower temperatures, the dissolution rate slows and pore water values decrease, allowing BMA to modify the diffusional flux of DSi and in some instances reverse the normal flux out of the sediment. This process is further enhanced by the decrease in the diffusion rate of DSi with decreasing temperature, effectively decreasing the rate at which DSi could be leaving the sediments. Therefore, at higher temperatures, BMA uptake is minor compared to the high flux rate of DSi out of the sediments, but when water temperatures fall below 2OoC, the impact of BMA on DSi fluxes becomes proportionately greater than dissolution and diffusion, creating negative flux values.
Light is the controlling factor on a diurnal basis, as supported by the differences in fluxes at different temperatures and between light and dark conditions. Therefore, BMA DSi uptake is light-driven, supporting previous findings on diatom silica uptake (Davis 1976) . In addition, all of the chamber experiments were conducted on days when the average height of water covering the sediment was highest and, therefore, light was lowest. With low tides being at dawn and dusk, and high tide at mid-day, average daily Light reaching the sediment would be lower than on days with a mid-day low tide. Therefore, the differences between light and dark fluxes were probably underestunated, especially on an annual basis. The primary production of BMA could also aid in the aeration of the sediment surface, resulting in the increased dissolution of particulate silica under more oxidizing conditions. Increased dissolution can result from the enhanced decomposition of organic material surrounding the frustules in aerobic conditions (Vandevivere et al. 1994 ) and the oxidation of complexed metals (Iler 1979) . This is a possible explanation for the positive correlation between pore water DSi concentrations and BMA biomass.
The entrapment of DSi within the sediments by benthic diatoms may also explain the positive correlation between BMA biornass and pore water DSi concentration. Microalgal mats were visibly detected on the Masonboro Sound sandflat throughout most of the study period. BMA have been found to form mats which could reduce physical disturbances and slow nutrient diffusion rates out of the sediments (Kelderman et al. 1988 , Sundback & Jonsson 1988 , Decho 1990 ). This finding is supported by the observation that BMA were able to decrease water column DSi concentratic~s !c bc!~..:. 4 . ; ?. I ! !:cm r\!o:rczhcr ts ?.larch c7:cn though pore water concentrations were above 30 pM for most of this period. Even with high pore water concentrations, BMA can not only influence pore water nutrient efflux, but lab and field results indicate an obvious ability, and possible preference, for the uptake of water column DSi.
The observation that benthic diatoms are very abundant and need a lot of silica per unit of chlorophyll, when compared to phytoplankton, indicates that benthic diatoms could be a dominant regulator of the DSi cycle in shallow-water habitats. BMA control DSi flux across the sediment-water interface by direct uptake from the water column and by cohesive mat formation on the sediment surface (Ullman & Sandstrom 1987 , Decho 1990 , Sundback et a1 1991 , Marinelli 1992 . BMA control of DSi cycles is even more significant when considering the possible effects on overall system productivity. The observation that phytoplankton are silica-limited at least part of the year indicates that BMA control of DSi fluxes could also result in a growth advantage for non-silica-containing phytoplankton. When nitrogen and phosphorus are increased relative to DSi, diatoms are placed at a con~petitive disadvantage with other microalgae, resulting in a possible shift in species conlposition and lower overall community production (Officer & Ryther 1980 , Nilsson et al. 1991 . These results suggest that BMA not only contribute to but may also affect the amount and type of phytoplankton primary production in soft-bottom estuarine communities.
